The validation of deformation caused by the thermal expansion of structures is an important issue for the success of a mission that requires the large-scale and precise positioning of instruments. Therefore, an accurate alignment monitor system was installed in the X-ray astronomy satellite Hitomi to correct observation data. We compared the analysis results of a finite element model with the flight telemetry data of the alignment monitor installed on Hitomi to validate the finite element model. As a result, it was shown that the finite element analysis was able to reproduce the global and slow trends of thermal deformation on orbit. However, the analysis could not reproduce the rapid changes in thermal deformation. To realize more precise and large structures in the future, we need to identify these rapid changes and correctly improve the FE model of thermal deformation through ground tests prior to launch.
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Introduction
Modern satellites require increasingly large and precise structures for the development of long focal length X-ray telescopes, large-diameter telescopes or high-speed broadband communication antennas. The major causes of degraded positioning accuracy and shape stability of structures are mechanical assembly errors, deswelling deformation of CFRP, thermal deformation, micro vibration caused by rotating parts, and deformation due to differences between 0 G and 1 G. When a satellite experiences drastic fluctuations in thermal conditions such as a full shadow and sunlight, thermal deformation becomes the most serious problem.
To deal with this problem, we use thermal and structural analysis model of the satellite structure in structural design. The mathematical model is also used to predict on-orbit thermal deformation. Therefore, it is very important to validate the mathematical model with the satellite structure during the development phase. Most satellite projects with a large-scale structure such as the James Webb Space Telescope require abundant resources to validate thermal deformation prior to launch. 1) However, few studies have confirmed the validity of the analysis model compared with actual on-orbit thermal deformation. The reason is that only a few satellite systems have a measurement system to measure on-orbit deformation due to limited resources. We obtained on-orbit actual thermal deformation of the X-ray astronomy satellite Hitomi on-orbit by using alignment monitoring system. In this study, we compared actual on-orbit deformation with the analysis results of the finite element (FE) model, and then discussed the differences.
ASTRO-H (Hitomi)

Overview of the satellite Hitomi
The astronomy satellite ASTRO-H ("Hitomi") was launched from the Tanegashima Space Center in February 2016. 2) Unfortunately, its operation was terminated in April 2016 due to communication trouble. The details of those circumstances have been reported by JAXA. 3) In order to observe broadband X-rays simultaneously at a high-energy resolution emitted from such high-energy astronomical objects as a black hole, four kinds of observation systems consisting of two soft gamma-ray detectors, two hard X-ray imaging systems, a soft X-ray imaging system, and a soft X-ray spectrometer system were installed facing the same direction.
Since X-rays have high transparency and are difficult to bend, the main structure of Hitomi was extremely long at 14 m when the Extensible Optical Bench (EOB) was extended on-orbit. Maintaining the co-alignment of each observation instrument was important for achieving the simultaneous observation of broadband X-rays. Therefore, the highly accurate prediction of thermal deformation prior to launch was needed to ensure sufficient shape stability on-orbit. Figure 1 shows a transparent view of the X-ray astronomy satellite Hitomi. The structure of Hitomi consists of the base plate, Fixed Optical Bench (FOB), and Extensible Optical Bench (EOB). All telescopes were mounted on the FOB. The HXI plate was attached to the bottom end of the EOB. Two Hard X-ray Imagers (HXI) were installed on the HXI plate. Bus equipment was mounted on the side panels attached to the periphery of the base plate. The central area enclosed by eight side panels was left vacant and used for optical paths of X-rays collected by telescopes. The main requirement of regarding alignment in the Hitomi mission was the precise alignment of the mutual optical axes of all telescopes, and the mechanical axes that were defined by the center points of each detector and telescope.
Canadian ASTRO-H metrology system
The measurement instruments collectively known as the Canadian ASTRO-H Metrology System (CAMS) 5) were installed for correction of the hard X-ray imaging system that was expected to have difficulty in maintaining alignment due to its long focal length.
CAMS measures the amount of misalignment between a telescope and a detector to correct the observation data. It was provided by CSA, Neptec, and St. Mary's University. CAMS consists of a Laser Detector (LD) unit and a Corner Cube Mirror (CCM). Two LD units were mounted on the top plate of the FOB near the Hard X-ray Telescope (HXT), In addition, two CCMs were installed on the HXI plate at the end of the EOB. Figure 2 shows the mechanism of CAMS measurement.
For the alignment measurement, a laser was emitted from a LD unit to the end of the EOB, reflected by the CCM mounted on the HXI plate back to the LD unit, and finally enters a CMOS element on a detective plane in the LD unit. CCM displacement relative to the LD unit � � ��� can be calculated by using � � ���� (the vector of movement of the beam spot on a CMOS surface) in Eq. (1) below.
The laser axes of both CAMS units were mounted mirror-symmetrically about the Y-Z plane (Fig. 2) . Based on the principle of measurement, CCM rotation does not affect the measurement results. Conversely, rotation of the laser direction vector of the LD unit affects the measurement results. Any LD unit rotation or deviation in laser direction against the optical axis of the telescope will cause erroneous measurement in telescope alignment. The major cause of such rotation was expected to be thermal deformation of the LD unit itself. However, LD unit temperature remained stable within 2 °C during the entire on-orbit operation. According to the thermal stability test of the LD unit prior to launch, the influence of fluctuations in temperature within 2 °C was negligible even with a 12 m working distance. 5) CAMS units were turned on before the EOB was extended during on-orbit operation. After that, CAMS units measured alignment continuously and obtained measurement data up to the anomaly event just prior to the end of operation. Figure 3 shows the flight data of both CAMS units as obtained in all periods of the Hitomi mission. The vertical axis shows the CAMS output (indicating CCM movement); the horizontal axis shows the date and time. The results shown are in order of CAMS1 X, CAMS1 Y, CAMS2 X and CAMS2 Y from the top. The direction of each axis is as defined in Fig. 2 . Large fluctuations at the start of CAMS measurement were caused by extending the EOB. 6) After that, the initial distortion was gradually released over a long period. As depicted in Fig. 3 , the rapid shifts represent an attitude change due to a changed observation target. It is difficult to identify details at this scale, but periodic fluctuations accompanying the orbital round of 96 minutes are observed. The breadth of fluctuation of the line represents the magnitude of change in one orbital period. The magnitude of deformation during the whole period was within 1.5 mm, taking into account the mechanical deformation caused by the initial latch. The deformation caused by orbiting the Earth was less than 500 μm. In the case of NuSTAR, which has a similar focal length, the motion of the optical axis on the detector was about 3 mm in one orbit period. 7) In view of that finding, the structure of Hitomi was extremely stable.
Finite Element Model and Analysis
In the following section, we discuss the FE model and analytical conditions that were used for the prediction of on-orbit thermal deformation. The FE analysis used here was a linear static analysis of Nastran. Figure 4 shows an overview of the Hitomi FE model. Although the whole model had about one million nodes, the structure and components to be included were selected based on the purpose of analysis. For example, the solar array paddle (SAP) is not included in the analysis of thermal deformation because the joint between the satellite body and the SAP is so flexible that there is no significant influence on the thermal deformation of optical benches. Prior to launch, the FE model was modified based on ground tests using a mechanical test model. 8, 9) In the FE model of Hitomi, the LD units of CAMS were placed on the top plate of the FOB, and CCMs were installed on the HXI plate at the end of the EOB. With the position vectors of nodes on the interface plane of a LD unit defined as � � ����, � � ����, � � ����, the laser direction vector � � is expressed in Eq. (2) below.
.
In addition, the position vector of the laser spot on a CCM surface � �� is expressed as follows:
where � � ���� is the position vector of the origin of laser emission and D is the length between the LD unit and CCM. CCM displacement relative to the laser spot position on the HXI plate is defined by the following equation. At first, we conducted thermal analysis by using the same attitude actually taken on-orbit to prepare the load set of temperature distribution for thermal deformation analysis. 10, 11) To obtain highly accurate temperature distribution, we selected two kinds of periods when the same attitude continued more than two days and fluctuations in temperature had been converged. The period of an anomaly event near the end of the operation was also selected due to a very large change in temperature that was expected to be suitable for validation of the analysis model. Then, we conducted thermal deformation analysis. For each normal attitude, thermal deformation analysis was conducted at six timings in one orbital period. The first timing is set to the culmination time. In case of the anomaly, the analysis was conducted at four timings when telemetry data was obtained. 
Validation of FE Analysis
Figures 5 and 6 show the relative displacement between the top plate and the end of the EOB as measured by the CAMS units at two attitudes. The solid line denotes the two orbital periods of flight data superimposed 10 times. The horizontal axis represents time; the vertical axis shows displacement in the x and y directions. The coordinate systems of both CAMS1 and CAMS2 flight data were converted to the satellite coordinates. In normal operation, the satellite coordinate +Y was directed toward the Sun, and the satellite coordinate +Z was directed toward the telescope targeting direction. CAMS1 is installed on the +X side of the satellite; CAMS2 is installed on the -X side. CAMS1 and CAMS2 are symmetrically placed with respect to the Y-Z plane. To represent the thermal conditions of the satellite at each moment, the bottom figure shows the SAP temperature with the same phase. In Figs. 5 and 6 , the FE analysis results are shown as circled dotted lines. Because the displacement of CCM should be evaluated instead of its absolute position in discussing the validation of thermal deformation analysis, the result of FE analysis at the starting point was shifted to the averaged value of the CAMS flight data. Figure 7 shows the general characteristics of the CAMS flight data discussed below. We can observe three trends in the figure: rapid, slow and short periodic changes. According to the solid lines in Figs. 5 and 6 , a large peak appeared at the timing of entering the penumbra in every orbital period. One orbit period of Hitomi was 96 minutes (5760 seconds). The part of the changes over time shorter than the orbital period is clearly synchronized with the timing of heater switching.
The slow changes in the X direction of CAMS flight data are in good agreement with the FE analysis results as shown in Fig.  5 . The slow changes are considered to come from deformation of the primary structure having high thermal capacity and consisting of the FOB, EOB, thrust tube, and rocket coupling ring. However, FE analyses could not reproduce the rapid 200 μm rise at the timing of entering the penumbra in 2,000 seconds. These phenomena accompany a fast convergence. One suspected cause must be the structural members having low thermal capacity such as the face sheets of honeycomb panels, thin plates or bolts. Further discussion of the reason would require a more detailed and comprehensive analysis.
In the Y direction, the flight data of CAMS2 is in good agreement with FE analysis in terms of global tendency. However, the flight data of CAMS1 has a large difference from the result of FE analysis. In addition, the notable point of the Y direction is that CAMS1 and CAMS2 have different tendencies. There are two suspected causes of this difference. The first one is that the HXI plate was rotated around a point with an offset, instead of the centroid. The second one is that the laser directions of a LD unit were shifted asymmetrically by each other due to asymmetric thermal conditions. We will investigate which suspected cause is more likely by using additional data, such as the observation data of scientific instruments. Figure 6 shows the flight data of CAMS and FE analysis results for Hitomi at another attitude. Also in this case, the slow changes in the X direction are in good agreement with FE analysis and the rapid change of roughly 100 μm at the timing of entering the penumbra is not reproduced. As well as in Fig.  5 , FE analysis is in good agreement with the flight data in the Y direction of CAMS2. Figure 8 shows the flight data and FE analysis results at the last four timings during the end of Hitomi operation. The horizontal axis in Fig. 8 represents the date and time; the vertical axis shows displacement. Hitomi had rotated at 21.7 degrees/hour about the Z axis just before communication was lost due to an error in the attitude control system. 3) Such a drastic change in thermal conditions has never occurred in normal operation. This data is extremely effective as a validation of FE analysis because we were able to estimate the bias component of thermal deformation caused by the change in the satellite's thermal potential. Unfortunately, continuous flight data has not been obtained due to trouble. In Fig. 8 , the downloaded flight data of CAMS is plotted with a blue solid line, and the period without data is indicated with a blue dotted line. Orange asterisks denote the FE analysis results. The orange dotted lines show the period without data. It should be noted that the temperature used here was a transient one and the estimated temperature was not as accurate compared with the periodic results in Figs. 5 and 6. To limit discussion to the deformation caused in this period, the starting point of analysis was shifted to the point of the flight data. The flight data of both CAMS1 and CAMS2 in the X direction are in good agreement with the FE analysis results. In the Y direction, the flight data is in agreement with the analysis data globally. Therefore, it is confirmed that the FE analysis of Hitomi was able to reproduce thermal deformation including the bias component globally. However, the FE analysis results showed excessive displacement in the Y direction between 3/25 18:12 and 3/25 21:02. Furthermore, it is interesting that there are few asymmetric displacement components of the Y direction as seen in the flight data of CAMS in typical orbital periods at this 
Conclusion
In this paper, we discussed the actual on-orbit thermal deformation of the X-ray astronomy satellite Hitomi and the validation of the FE model. According to CAMS, the maximum magnitude of deformation during the whole period was approximately 1.5 mm. During the period, the optical bench of Hitomi was more stable as compared to NuSTAR with a similar focal length. Throughout this validation, the FE model was confirmed as being sufficiently accurate to predict the behavior of on-orbit thermal deformation. However, several rapid displacements originating from structural members having low thermal capacity in the flight data were not reproduced. To realize more precise and large structures in the future, we need to identify these rapid changes and correctly improve the FE model of thermal deformation through ground tests prior to launch.
